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Introduction
Severe working environments at different temperatures and loading conditions have risen the needs for steels with remarkably higher mechanical properties, e.g. high strengths, impact toughness, fracture toughness, fatigue resistance, hardness and wear resistance. As a solution, medium carbon steels with a martensitic or temperedmartensitic structure have been widely introduced by steel makers since about early 1980s and are extensively used in automotive, oil/gas and tool-making industries, e.g. [1, 2, 3, 4] . In terms of microstructure, a fine lath martensite or tempered-martensite with a high dislocation density and short free mean path in addition to nano-scale Fe/alloy carbide precipitates are mainly responsible for their mechanical properties [5, 6] . However, in wear resistance tools further improvements to the strength and toughness of these steels are still sought, particularly to a better performance under severe working conditions [7] .
The improvements have been mainly achieved by controlling and applying novel casting, thermomechanical and heat treatment processes, and also chemical composition of steels [8, 9, 10, 11] . In this way, reducing the non-metallic inclusions and porosities, and increasing the homogeneity of chemical composition and microstructure, in particular prior austenite grain size, are mainly controlled through casting and thermomechanical processing. Moreover, a high strength martensitic structure of engineering components is manipulated by quenching-hardening and alloying additions [2, 12, 13, 14] . The alloying additions mainly aim to improve the hardenability and final mechanical properties of steels. However, in alloy steels, a subsequent tempering process is usually required to increase the toughness, uniformity of microstructure and mechanical properties and to control the amount of retained austenite and Fe/alloy carbide precipitates and quenching-defects, and to reduce hydrogen embrittlement, e.g. [15, 16, 17, 18, 19] .
Although these processes have been widely studied in the literature, no comparative research has focused on the as-quenched structure of quenched-tempered and quenchhardened low alloy medium carbon steels. It is well known that the final microstructure and mechanical properties of these steels are inherited from their parent martensite. The martensite structure is dependent upon several factors such as chemical composition, prior austenite grain size and cooling rate [20] . However, in low alloy medium carbon steels, it is hard to attribute the microstructure changes and difference in mechanical properties to any particular element due to small additions of alloying elements. Therefore, a systematic analysis was performed on three medium carbon steels with different alloying contents after quench-hardening from different temperatures to better understand the effect of chemical composition on microstructure and its relation to mechanical properties.
Experimental Procedure
The materials used in this investigation included three commercial hot rolled steels, received in fully annealed condition. These steels are especially designed to produce wear resistance tools which undergo a dominant impact/sliding wear. 4 was determined using a spark Optical Emission Spectroscopy (OES) technique and are hereafter referred to as "MnCrB", "NiCrSi" and "NiCrMoV" steels. The MnCrB and NiCrSi steels were produced through electric arc melting, ladle arc melting and vacuum degassing, whereas the NiCrMoV steel was cast by Vacuum-Induction-Melting (VIM) and refined through Electro-Slag-Remelting (ESR). The NiCrSi and NiCrMoV steel are quenched-tempered steels (oil quenching and tempering), whereas MnCrB steel is a quenched-hardened steel (only water quenching). Generally, the NiCrSi and NiCrMoV steels are required to be tempered after quenching to minimise the risk of quenchcracking. Moreover, under similar working environments, the NiCrSi and NiCrMoV steels have a longer life time or better wear resistance compared to MnCrB steel. Samples with a size of 20×20×100 mm 3 were subjected to quench-hardening from different austenitisation temperatures and in water or oil mediums, assisted by agitation. All samples were held at austenitisation temperature for one hour per inch of ruling section. Austenitisation temperatures of 850, 900 and 950 °C were chosen for the hardening. Optimum austenitisation temperatures were applied to prepare samples for tensile and Charpy testing. However, our initial analysis showed an optimum temperature of 850 ºC for MnCrB and NiCrSi steels and 900 ºC for the NiCrMoV steel. The cooling rate during oil and water quenching was monitored by a Picolog recorder using a N-type thermocouple. Sample preparation for microstructural characterisations was performed according to standard methods on both rolling and normal direction planes. In addition, tensile and Charpy specimens were prepared from the rolling direction.
Microstructural characterisations were done by optical microscopy and Scanning Electron Microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) microanalysis using a FEG-Nova NanoSEM at 20 kV. The prior austenite grain boundaries were revealed using the oxidation etching technique [21] and the grain size was measured by linear intercept method according to ASTM E112. 
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The crystalline structure of the studied steels was characterised using a PANalytical Empyrean X-ray diffractometer with Co Kα radiation (i.e. including Co kα1 (λ=0.178900nm) and Co kα2 (λ=0.179284 nm) radiations) and with the power conditions of 40 kV and 40 mA. The retained austenite was characterised through Rietveld refinement using the Topas Academic package software V5.0. The X-Ray Diffraction (XRD) patterns were calibrated using a diffraction pattern of standard silicon sample (SRM 640e). The dislocation density was estimated according to Williamson-Hall (WH) method based on XRD data using the following equation [22] :
where ε and b are microstrain and Burger's vector (0.248 nm for ferrite), respectively. The microstrain was approximated using the equation below, using all diffraction peaks.
α=0.9/D
where δ, θ (radians), λ, α, ε and D are the physical broadening of XRD peak width (i.e. Full Width Half Maximum (FWHM)), diffraction angle, X-ray wavelength and average particle size, respectively.
The hardness property was determined by Vickers hardness testing (according to ASTM E92) with 30 kg load and 15 s holding time before unloading. The average hardness value was calculated from at least ten measurements for each sample. For the sake of comparison, HV hardness was converted to HRC according to ASTM E140.
The tensile properties of heat treated samples at optimum austenitisation temperature were determined according to ISO-6892 using a Zwick-Roell testing machine. The elongation during the test in cylindrical dog-bone shaped tensile specimens with a gauge length of 25 mm and gauge diameter of 5 mm was recorded by a non-contact high resolution laserXtens extensometer. The test was repeated three times using three separate samples from each steel to ensure the repeatability of tensile properties. The true stress-strain curves were converted from engineering stress-strain results according to standard procedure [23] .
The impact toughness of steels was determined by V-notched Charpy impact testing using a pendulum Avery-Denison Charpy testing machine (a nominal energy of 300 J). Standard Charpy impact specimens with a size of 55×10×10 mm 3 and a notch radius of 0.25 mm were tested according to ASTM E23 at room temperature. The V-notch edge and front edge were parallel to transverse and normal directions, respectively. The test was repeated three times using three separate samples to check the repeatability of 6 results. Following the Charpy impact and tensile testing, the fractured samples were examined by SEM. Fig. 1 shows optical and SEM micrographs corresponding to the microstructure of the as-received steels. The MnCrB steel consisted of pearlitic grains surrounded by allotriomorphic ferrite. The NiCrSi and NiCrMoV steels comprised lath shaped ferritic structure with dispersive carbide precipitates.
Results
Initial Microstructure
In addition, the non-metallic inclusions of the steels have been characterised for their densities, morphologies and chemical compositions (e.g. Figs. 1 (g) (d) to (i) (f)). The MnCrB and NiCrSi steels were found to contain inclusions of both elongated and equiaxed morphologies. The NiCrMoV steel was found to have equiaxial-shaped inclusions in its microstructure. SEM-EDS analysis of inclusions showed a large frequency of Mn-S and Ti rich inclusions in MnCrB steel and Mn-S inclusions in NiCrSi steel, whereas the majority of inclusions in NiCrMoV steel had a complex chemical composition and contain different metallic and non-metallic elements, e.g. Mn, V, Cr and S. Among the observed inclusions in NiCrVMo steel, the frequency of Mn, S and V containing inclusions was relatively high. The inclusions/micro-porosities were distributed nonuniformly and density of inclusions/micro-porosities was different at different regions of samples. The average sizes of inclusions/micro-porosities were determined to be 27.1±17.0, 16.1±13.1 and 20.2±14.4 (µm) in the NiCrSi, MnCrB and NiCrMoV steels, respectively. Moreover, the density of inclusions was qualitatively higher in MnCrB and NiCrSi steels. This was attributed to the casting process of studied steels, as VIM-ESR process in NiCrMoV steel was believed to significantly reduce inclusions. However, the effect of inclusions on mechanical properties of steels will be further clarified in the following sections.
Microstructural Evolution during Hardening
Fig . 2 shows a few selected cooling curves in which the temperature has been plotted versus instantaneous cooling rate during the quenching stage. The water quenching (with an average cooling rate of 18 ºC/s) can be seen to have substantially higher cooling rate than the oil quenching (with an average cooling rate of 2-4 ºC/s). The microscopy analysis suggested a fully lath shaped martensitic structure throughout the cross sectional area in both rolling and normal directions of all samples. These micrographs are quite comparable to the results of other researchers in the literature, e.g. [24, 25] . Furthermore, microscopy observations indicated that the initial microstructure was completely transformed to austenite during soaking time at all chosen austenitisation temperatures.
The martensite start temperature (Ms) in the MnCrB, NiCrSi and NiCrMoV steels was estimated as 361, 302 and 254 ºC, respectively [26] . As mentioned above, the cooling rate of water quenching was significantly larger than oil quenching, especially below 400 ºC, which is above the Ms temperature. The relatively slower cooling rate during oil quenching could enhance auto-tempering in NiCrSi and NiCrMoV steels. However, it is clear that a maximum cooling rate of about 10 and 70 ºC/s, assisted by agitation, could secure full hardening in the NiCrSi/NiCrMoV and MnCrB steels, respectively (Fig. 2) . In 8 this case, it is well known that the alloying additions (e.g. B, Cr, Ni, V and Mo) can considerably raise the hardenability of steels, e.g. [27, 28, 29, 30] . However, our results demonstrated that the alloying additions might also affect the morphology of martensite.
Of particular note was that the martensitic structure of MnCrB steel in all conditions was significantly coarser (especially length) compared to NiCrSi and NiCrMoV steels (Fig. 3) . Additionally, in MnCrB steel, microscopy observations suggested a significant increase in martensite length due to austenitisation at 950 ºC. However, SEM observations showed no meaningful difference in the morphology of martensite in NiCrSi and NiCrMoV steels due to austenitisation temperature increases.
From the SEM analysis, it was also found that Fe/alloy carbide precipitates were present in NiCrSi and NiCrMoV steels (e.g. Figs. 3 (b) and (c) and (f)). Nevertheless, by increasing the austenitisation temperature the density of these precipitates was qualitatively reduced. Coarse carbides might be formed during a growth-coarsening of undissolved/pre-existing precipitates or a rapid precipitation and growth/coarsening of newly formed precipitates. Moreover, the presence of nano-scale carbides inside the lath shaped ferritic constituents suggested that an auto-tempering might occur during quenching in all samples [31] . Fig. 4 shows typical non-metallic inclusions in SEM micrographs of as-quenched MnCrB, NiCrSi and NiCrMoV steels. Apart from the effects of sample preparation, the results occasionally demonstrated gap/decohesion at interfaces of inclusions and matrix in MnCrB steel. However, the gap/decohesion was frequently observed in NiCrSi and NiCrMoV steels, regardless of the chemical composition and morphology of inclusions. It should be noted that this behaviour was occasionally observed in the initial structure of all studied steels (e.g. Figs. 1 (d) to (f)).
Fig. 5 (a) indicates a selected XRD spectrum of a quenched sample. The XRD analysis revealed the presence of retained austenite (FCC crystal-structure) and martensite (BCC-crystal structure [32] ) in the as-quenched microstructure of three steels (Table 2) . Further XRD analysis showed that the amount of retained austenite and its carbon content varied in terms of austenitisation temperature and type of steel. In MnCrB steel, the amount of retained austenite was considerably raised by increasing the austenitisation temperature from 900 to 950 ºC, while both 850 and 900 ºC showed a similar level. In contrast, the level of retained austenite was rather similar in all austenitisation temperatures in NiCrSi and NiCrMoV steels.
The carbon content of retained austenite was measured from its lattice parameter (nm) using the following equation [33] :
aretained austenite=0.35467+0.00467 wt% C
From the XRD analysis, it was also found that the carbon content of retained austenite in MnCrB steel was relatively similar at all austenitisation temperatures. In contrast, in both NiCrSi and NiCrMoV steels, the carbon content of retained austenite was relatively raised at higher austenitisation temperatures. Fig. 5 (b) shows a selected XRD peak of studied steels (quenched at optimum austenitisation temperatures) so that the peaks of NiCrSi and NiCrMoV steels are considerably broader than MnCrB steel. Moreover, the XRD analysis exhibited a peak broadening as a function of austenitisation temperature. In fact, a broad martensite peak results from a higher carbon content, larger dislocation density and increased lattice micro-strain [5, 22, 34, 35] . In MnCrB steel, the results suggested a very slight peak broadening at 850 and 900 ºC, while a considerable broadening was observed in NiCrSi steel at 850 ºC. A gradual peak broadening was also observed in NiCrMoV steel due to austenitisation temperature decreases.
Further XRD analysis showed the effect of austenitisation temperature on dislocation density of microstructure for each grade of steel (Fig. 5 (c) ). The results are comparable to other reports in the literature about other grades of martensitic low/medium carbon steels [22, 35, 36, 37] . It is clear that the dislocation density of NiCrSi and NiCrMoV steels was higher than MnCrB steel in all quenching conditions, especially at lower austenitisation temperatures. In MnCrB steel, the dislocation density was relatively similar in both austenitisation temperatures of 850 and 900 ºC, while it was slightly reduced at 950 ºC. It was also found that the dislocation density dramatically decreased at austenitisation temperatures of 900 ºC and 950 ºC in NiCrSi steel. However, a similar dislocation density was observed at austenitisation temperatures of 850 ºC and 900 ºC in NiCrMoV steel, while quenching at 950 ºC slightly decreased the dislocation density. Fig. 6 (a) shows the variation of prior austenite grain size as a function of austenitisation temperature. By increasing the temperature the average grain size was raised in all studied steels, though the growth rate seems to be different depending upon the grade of steel and temperature. In MnCrB steel, a dramatic growth/coarsening 12 was appeared at each temperature, whereas NiCrSi and NiCrMoV showed lower growth/coarsening rate, particularly from 850 to 900 °C. These results are consistent with the findings of other researchers who also reported prior austenite grain size increases in 300M steel due to a higher austenitisation temperature, e.g. from 850 to 1050 °C [38] . Fig. 7 shows the hardness properties of studied steels. After quenching at 850 ºC, the MnCrB steel exhibited a hardness value of 55 HRC, whereas the other two grades showed a higher hardness, i.e. ~58-59 HRC. It was also found that a higher austenitisation temperature often led to the softening of all steels. The MnCrB steel was less sensitive to austenitisation temperature, whereas NiCrSi and NiCrMoV showed a more hardness reduction at higher austenitisation temperatures. Additionally, the results indicated no hardness reduction in NiCrMoV steel due to hardening at 900 ºC. 
Mechanical Properties
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Fig . 8 compares the V-notched Chrapy impact toughness of MnCrB, NiCrSi and NiCrMoV steels after quenching from optimum austenitisation temperatures. The results suggested a rather higher toughness in MnCrB steel compared to other steels. Fig. 9 presents the tensile properties of MnCrB, NiCrSi and NiCrMoV steels after quenching from optimum austenitisation temperatures. The true stress-strain curves ( Fig. 9 (a) ) were plotted up to Ultimate Tensile Strength (UTS). It is clear that the yield strength of both the NiCrSi and NiCrMoV steels was higher than the MnCrB steel. Moreover, the results evidenced significantly higher UTS values and uniform elongation in NiCrSi and NiCrMoV steels compared to MnCrB steel. It was also found that the work hardening rate (dσ/dε) during uniform elongation of NiCrSi and NiCrMoV steels was similar to each other and higher than MnCrB steel ( Fig. 9 (b) ). These results also indicate that NiCrSi and NiCrMoV steels are work hardened at lower level of plastic strains compared to MnCrB steel. However, as shown in Fig. 9 (c), the non-uniform elongation of NiCrSi and NiCrMoV steels was considerably lower than the MnCrB steel. 
E. Abbasi, Q. Luo, D. Owens, A comparison of microstructure and mechanical properties of low alloy medium carbon steels after quench-hardening, Mater. Sci. Eng. A725, 2018, 65-75.
14 Fig. 9 , (a) and (b) Selected true stress-strain curves and corresponding strain hardening versus true strain curves, respectively, (c) Trend of yield strength, UTS and elongation variations, measured from engineering stress-strain.
Fractography of Fractured Specimens
Fig . 10 shows the fracture surface of Charpy specimens. A visual inspection of fracture surface suggested a rather similar cleavage to shear lip area ratio in all samples, i.e.
~50% (Figs. 10 (a) to (c))
. It is well known that a higher energy per unit area is required to fracture the shear lip than cleavage area. It is thus clear that a similar level of Charpy energy was applied to fracture all specimens. Further analysis of fracture surfaces using SEM revealed a dominant dimple fracture feature in all steels. These results are consistent with impact strength results (Fig. 8) , confirming a rather ductile fracture in all samples. However, from the SEM analysis, it was also found that the size and depth of dimples in the cleavage and shear lip areas of MnCrB steel were larger compared to NiCrSi and NiCrMoV steels.
E. Abbasi, Q. Luo, D. Owens, A comparison of microstructure and mechanical properties of low alloy medium carbon steels after quench-hardening, Mater. Sci. Eng. A725, 2018, 65-75.
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Fig . 11 compares the facture surface of some tensile specimens. A cup-and-cone fracture surface was appeared in all samples. As with Charpy specimens, a dominant dimple fracture surface was observed in all tensile specimens. The SEM microscopy also showed that the size and depth of dimples were relatively larger in MnCrB steel compared to NiCrSi and NiCrMoV steels. 
Discussion
Prior Austenite
In MnCrB steel, the prior austenite grain size was considerably raised with increased austenitisation temperature, while this behaviour was rather sluggish in NiCrSi and NiCrMoV steels. In MnCrB steel, the austenite was expected to initially form from features with a high carbon concentration such as pearlitic regions [39, 40] . Clearly, the size of pearlite colonies could act as a significant role in the final prior austenite grain size (Fig. 1) . On the other hand, the austenite formation in NiCrSi and NiCrMoV steels was thought to be dominantly influenced by prior austenite grain size and the size of sub-grains with the same crystal orientation inside prior austenite grains [41, 42] . In addition, the presence of V-carbide precipitates in NiCrMoV steel with a relatively high temperature stability could retard the growth/coarsening rate of austenite during the soaking time [40, 43, 44, 45] . However, our results evidenced that the trend of prior austenite grain size variations was rather similar between NiCrSi and NiCrMoV steels. It is thus clear that the observed difference was primarily affected by the initial structure. This is consistent with other reports in the literature [41, 46, 47, 48] , suggesting that the initial structure can considerably affect the prior austenite grain size during hardening process.
Moreover, the results showed that the prior austenite grain size of NiCrSi and NiCrMoV steels was rather finer compared to MnCrB steel (Fig. 6) . A finer prior austenite grain size could presumably encourage a finer martensite packet/block size and consequently generate a greater dislocation density through the microstructure during quenching [5, 49, 50] . This will be further clarified in the following sections.
Martensite
SEM analysis of all quenched samples showed that the martensite structure was significantly finer in both NiCrSi and NiCrMoV steels compared to MnCrB steel (Fig. 3 ). The refinement of martensite is a favourable structure to the mechanical properties, e.g. high strength, fracture toughness, fatigue resistance, hardness and wear resistance [5, 50, 51] . A possible explanation of this phenomenon is inferred by taking into consideration the effect of prior austenite grain size [24] . A finer prior austenite grain size of NiCrSi and NiCrMoV steels enhanced the refinement of martensite during quenching. Furthermore, a comparative analysis of results demonstrated that the prior austenite grain size of NiCrSi and NiCrMoV steels after quenching at 950 °C was rather close to the prior austenite grain size of MnCrB steels at 850 °C. However, SEM observations demonstrated that the martensite in both NiCrSi and NiCrMoV steels was still finer than MnCrB steel. It has also been widely accepted that a higher cooling rate can enhance martensite refinement. In contrast, our results showed that the martensite was finer in NiCrSi and NiCrMoV steels in all conditions even after oil quenching with a considerably slower cooling rate (e.g. Fig. 2) . The results point to the fact that a combination of solid solution strengthening and a finer prior austenite grain size might cause the martensite refinement. In a wider sense, finer prior austenite grain size in addition to solid solution strengthening, especially a higher carbon content, could increase local elastic energy which could auto-catalytically increase nucleation sites for new martensite plates in NiCrSi and NiCrMoV steels [5, 50, 52, 53] .
Non-metallic Inclusions
SEM observations frequently evidenced gap/decohesion at interfaces of inclusions and matrix in NiCrSi and NiCrMoV steels, while this behaviour was occasionally observed in MnCrB steel (Fig. 4) . Decohesion between inclusions and matrix has been well studied by other researchers in the literature, e.g. [54] . It has been established that decohesion mainly results from the difference in the thermal expansion coefficients between inclusions and matrix and also a highly dislocated structure with a high level of transformational/thermal stresses during quenching can encourage this behaviour. According to microscopy observations, this effect was mainly ascribed to the remarkably finer martensitic structure of NiCrSi and NiCrMoV steels. In fact, a higher level of transformational stresses and a greater mismatch between inclusions and matrix might be generated which enhanced decohesion at interfaces. Furthermore, SEM-EDS analysis of inclusions in NiCrMoV steel revealed a high frequency of Mn, Cr, V and S containing inclusions, while the majority of inclusions in MnCrB and NiCrSi steels were rich only in Mn-S. Although there is no available data on the thermal expansion of inclusions, it is thought that a possible difference between thermal expansion of inclusions and matrix in NiCrMoV, NiCrSi and MnCrB steels was less likely the reason for the observed phenomenon. Further investigations into the thermal expansion coefficient and coherency of inclusions would be required to better understand this behaviour.
Retained Austenite
The XRD analysis showed no meaningful difference in the amount of retained austenite between NiCrSi and NiCrMoV steels due to different austenitisation temperatures. It was also found that the amount of retained austenite in NiCrSi and NiCrMoV steels was relatively higher than MnCrB steel. There are several factors which can influence the amount of retained austenite in martensitic steels such as prior austenite grain size and chemical composition. It has been generally accepted that a smaller prior austenite grain size and alloying additions, especially carbon content, can reduce Ms and consequently increase the retained austenite volume fraction [55] . However, the XRD results showed insignificant difference in the amount of retained austenite due to prior grain size variations in NiCrSi and NiCrMoV steels. It is thus inferred that the main reason for the observed difference was primarily attributed to the chemical composition of studied steels, particularly their carbon content.
The results also showed that the retained austenite in MnCrB steel was considerably raised after hardening at 950 ºC. Similarly, other researchers have reported a similar behaviour in other steels due to hardening at high temperatures, e.g. [56] . Microscopy observations revealed a considerable coarsening (Ostwald ripening) of prior austenite grains at 950 ºC. Further microscopy observations presented long martensite lath, crossing the whole grain interior of some prior austenite grains. As during coarsening the larger grains are coarsened at the expense of finer grain, a partial coarsening can leave fine grains in the microstructure. According to microscopy observations, it can be therefore inferred that a higher volume fraction of austenite was retained within the remaining fine austenite grains. Moreover, a further dissolution of Fe/alloy carbide precipitates due to a higher austenitisation temperature could increase carbon atoms in solution which might increase the stabilisation of austenite against martensite transformation.
Mechanical Properties
The present paper reports on the tensile and Charpy impact properties of studied steels, quenched from optimum austenitisation temperatures, i.e. 900 and 850 °C for NiCrMoV and NiCrSi/MnCrB steels, respectively. According to hardness results and microscopy observations, these temperatures were selected to minimise prior austenite growth/coarsening and to maximise the dissolution/homogenisation of alloying elements in the microstructure [5, 57] .
Yield Strength and Hardness
From hardness analysis, it was found that the average hardness can reach up to ~59 HRC in NiCrSi and NiCrMoV steels after oil quenching, while MnCrB steel gives a maximum hardness of about 55HRC after water quenching (Fig. 7) . A similar trend was observed in the yield strength of studied steels (Fig. 9) . The yield strength of NiCrSi and NiCrMoV steels was quite similar and significantly greater than MnCrB steel. It has been well established that the strength of martensitic structure is proportional to the friction stress (pure Fe), solid solution strengthening from alloying elements (e.g. Mn and Ni), martensite lath width, martensite packet/block size and dislocation density [5, 52] . The friction stress is strongly dependent on the crystal structure and chemical composition of steel and it was assumed that it was the same in the studied steel due to a small amount of alloying additions [58, 59] . Therefore, the effects of latter items were taken into consideration to interpret the observed differences. From the microscopy observations, it was found that NiCrSi and NiCrMoV steels have a rather finer lath martensite and prior austenite grain size than MnCrB steel (Figs. 3 and 6) . By increasing the austenitisation temperature the hardness of all samples was generally reduced. As mentioned above, the prior austenite grain size was raised by increasing the austenitisation temperature. According to the Hall-petch relationship, smaller grains with high angle boundaries can increase strength of steel. In fact, dislocations are piled up behind high angle boundaries during deformation, increasing the strength of material [52] . Moreover, it has been established that a larger prior austenite grain can form coarser martensite packets/blocks with a lower dislocation density after quenching which reduces the strengthening effect of martensite [60, 61, 62] . In this case, the XRD results also showed a lower dislocation density in MnCrB steel compared to NiCrSi and NiCrMoV steels (Fig. 5 (c) ). The solid solution strengthening of alloying additions, especially carbon, could be another reason for the higher strength of NiCrSi and NiCrMoV steels. However, possible precipitation and growth-coarsening of Fe/alloy carbide precipitates, in particular V-carbides, would have lowered the free carbon atoms in solute and reduce the carbon solid solution strengthening in NiCrMoV steel. It is thus clear that the observed difference in the microstructure of steels and alloying additions were mainly responsible for the different yield-strength/hardness of steels after quenching. This is consistent with other reports in the literature, suggesting that a finer prior austenite grain size, higher dislocation density of lath martensite and solid solution could considerably contribute in strengthening of martensitic steels [50, 63] .
Work Hardening Rate and Elongation
A rather similar work hardening rate was observed during uniform elongation in the NiCrSi and NiCrMoV steels, while it was higher than the work hardening rate of MnCrB steel ( Fig. 9 (b) ). It has been reported in the literature that the work hardening rate of lath martensite at room temperature during uniform elongation can be considerably raised by carbon content, dislocation density and also Transformation Induced Plasticity (TRIP) effect of retained austenite [37, 59] . The results also suggested a higher uniform elongation in NiCrSi and NiCrMoV steels than MnCrB steel. As the amount of retained austenite was significantly high in NiCrSi and NiCrMoV steels, it is thought that the higher work hardening rate was strongly influenced by TRIP effect. A gradual transformation of retained austenite during plastic deformation increased the work hardening rate and uniform elongation [33] . Moreover, a higher dislocation density and carbon content of NiCrSi and NiCrMoV steels compared to MnCrB steel was considered to be another reason for the higher work hardening rate during tensile deformation (Fig. 5 (c) ). These results are in agreement with the findings of other researchers in the literature who also reported a similar behaviour in lath martensitic steels [37] .
The tensile results also showed that the non-uniform elongation of MnCrB steel was significantly larger than NiCrSi and NiCrMoV steels. This phenomenon was explained based on two reasons. First of all, dislocations can act as crack initiation site in a dimple fracture mode. In this case, rather fine dimples with a shallow depth in the fracture surface of NiCrSi and NiCrMoV steels suggested more nucleation sites for void formation (Fig. 11 ) [64, 65] . Clearly, a finer martensitic structure with a higher dislocation density in NiCrSi and NiCrMoV steels could accelerate crack initiation, lowering non-uniform elongation [64] . Moreover, the observed decohesion at interface of inclusions and matrix in NiCrSi and NiCrMoV steels could encourage crack initiation during non-uniform elongation, reducing the non-uniform elongation (e.g. Fig. 4 ) [65] .
Impact Toughness
The results suggested similar toughness in NiCrSi and NiCrMoV steels, while it was slightly lower than MnCrB steel. From the fractography analysis, it was also found that a ductile fracture mode was dominant in all samples (Fig. 10) . It is well known that a finer prior austenite grain size and subsequently finer packet/block martensite size as well as TRIP effect of retained austenite can improve the impact toughness of martensitic steels [60, 66, 67] . On the other hand, a higher carbon content of steel and also non-metallic inclusions can considerably lower the impact toughness of steels. The high angle boundaries can more effectively deflect the crack propagation, increasing the absorbed energy during impact toughness. Moreover, a possible TRIP effect of retained austenite during plastic deformation can relieve local stress concentration and delay micro-crack initiation. Additionally, during crack propagation, a high stress concentration at the tip of crack can enhance the TRIP effect of retained austenite. This releases the stress concentration and energy of crack tip and consequently suppresses the crack propagation. However, our results showed a reverse behaviour in studied steels, precluding the effect of prior austenite grain size and retained austenite on the impact toughness (Figs. 6 and 8 and Table 2 ). It is thus inferred that a lower amount of carbon content was most likely the reason for the higher toughness of MnCrB steel. Additionally, the observed decohesion at the interface of inclusions and martensitic matrix in NiCrSi and NiCrMoV steels could enhance crack initiation and reduce their impact toughness. The results also showed relatively finer dimple features in the fracture surface of NiCrSi and NiCrMoV steels which might result from the effect of dislocation density (Fig. 10) . Perhaps a relatively higher dislocation density encouraged more void formation.
Conclusions
1)
A considerable martensite refinement was observed in NiCrSi and NiCrMoV steels compared to MnCrB steel, regardless of prior austenite grain size and cooling rate. Moreover, the results also suggested a higher dislocation density in NiCrSi and NiCrMoV steels. These were mainly attributed to the effect of alloying additions.
2) The results suggested that the small additions of alloying elements, especially carbon content, finer prior austenite grain size and higher dislocation density considerably contributed in strengthening of NiCrSi and NiCrMoV steels. 3) V-notched Charpy impact toughness of NiCrSi and NiCrMoV steels was rather similar, though it was relatively lower than the toughness of MnCrB steel. The observed difference was primarily attributed to the non-metallic inclusions and chemical composition of steels, especially a higher carbon content of NiCrSi and NiCrMoV steels. 4) In NiCrSi and NiCrMoV steels, the retained austenite volume fraction was significantly higher than MnCrB steel. This was mainly ascribed to the effect of alloying additions, in particular carbon content. It was also found that the observed retained austenite might increase the work hardening rate and uniform elongation of NiCrSi and NiCrMoV steels due to the TRIP effect. 5) Decohesion at interfaces of inclusions and martensitic matrix was frequently appeared in NiCrSi and NiCrMoV steels, while this behaviour was occasionally observed in MnCrB steel. The results suggested that the degree of interface decohesion between the martensite matrix and inclusions increased as the strength of martensite increased.
